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The  cathode  reaction  mechanism  of  porous  Sm0.5Sr0.5CoO3_5,  a  mixed  ionic  and  electronic  conductor 
(MIEC),  is  studied  through  a  comparison  with  the  composite  cathode  Smo.sSro.sCoO^/Smo^Ceo.sOi.g. 
First,  the  cathodic  behaviour  of  porous  Sm0.5Sr0.5CoO3_5  and  Smo.5Sr0.5Co03_s/Smo.2Ceo.80i.9  are  observed 
for  micro-structure  and  impedance  spectra  according  to  Sm0.2Ceo.80i.9  addition,  thermal  cycling  and  long¬ 
term  properties.  The  cathode  reaction  mechanism  is  discussed  in  terms  of  frequency  response,  activation 
energy,  reaction  order  and  electrode  resistance  for  different  oxygen  partial  pressures  p(02)  at  various 
temperatures.  Three  elementary  steps  are  considered  to  be  involved  in  the  cathodic  reaction:  (i)  oxygen 
ion  transfer  at  the  cathode-electrolyte  interface;  (ii)  oxygen  ion  conduction  in  the  bulk  cathode;  (iii)  gas 
phase  diffusion  of  oxygen.  A  reaction  model  based  on  the  empirical  equivalent  circuit  is  introduced  and 
analyzed  using  the  impedance  spectra.  The  electrode  resistance  at  high  frequency  (Rc,hf)  in  the  impedance 
spectra  represents  reaction  steps  (i),  due  to  its  fast  reaction  rate.  The  electrode  resistance  at  high  frequency 
is  independent  of  p( 02)  at  a  constant  temperature  because  the  semicircle  of  Rc,hf  in  the  complex  plane 
of  the  impedance  spectra  is  held  constant  for  different  values  of  p(02).  Reaction  steps  (ii)  and  (iii)  are 
the  dominant  processes  for  a  MIEC  cathode,  according  to  the  analysis  results.  The  proposed  cathode 
reaction  model  and  results  for  a  solid  oxide  fuel  cell  (SOFC)  well  describe  a  MIEC  cathode  with  high  ionic 
conductivity,  and  assist  the  understanding  of  the  MIEC  cathode  reaction  mechanism. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

The  design  of  cathode  materials  is  very  important  due  to  their 
large  over  potentials,  especially  in  a  solid  oxide  fuel  cell  (SOFC). 
One  type  of  conventional  cathode,  known  as  LSM  (lanthanum  stron¬ 
tium  manganite),  has  been  widely  used  [  1  -5  ],  but  exhibits  relatively 
low  electrocatalytic  activity.  Mixed  ionic  and  electronic  conduc¬ 
tors  (MIECs)  have  recently  gained  attention  due  to  their  good 
electrochemical  properties,  despite  their  low  stability  [6-22].  An 
understanding  of  the  differences  in  the  cathode  reaction  mecha¬ 
nisms  between  conventional  cathodes  and  MIECs  is  necessary  in 
the  design  of  a  high-performance  fuel  cell. 

Several  important  studies  concerning  the  cathode  reaction 
mechanism  have  been  reported.  Deseure  et  al.  [5]  reported  an 
oxygen  reduction  mechanism  effect  based  on  a  one-dimensional 
homogeneous  model  for  the  porous  cathode.  A  LSM-YSZ  composite 
cathode  was  modelled,  and  the  rate-determining  steps  (RDSs)  were 
discussed  according  to  the  frequency  range  and  the  effect  of  the 
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micro-structure.  Adler  et  al.  [16]  examined  the  contribution  of  gas 
phase  diffusion  and  the  RDS  for  a  p-type  material  using  a  continuum 
model.  Horita  et  al.  [13]  studied  on  the  oxide  ion  conduction  and 
surface  oxygen  exchange  of  a  LSC  (lanthanum  strontium  cobaltite) 
cathode  with  respect  to  the  effect  of  cathodic  over  potential  on  the 
reaction  rate.  Hunsom  et  al.  [14]  investigated  the  influence  of  the 
firing  temperature  on  a  LSC/SDC  cathode  and  analyzed  the  RDS 
according  to  the  frequency  range.  Critical  discussion  of  the  reac¬ 
tion  order  and  the  electrochemical  reaction  itself  for  LSC  systems 
was  presented  by  Takeda  et  al.  [3].  Fukunaga  et  al.  [11  ]  studied  the 
oxygen  reduction  mechanism  for  both  a  dense  and  a  porous  SSC55 
cathode.  The  authors  proposed  a  different  model  from  that  of  Adler 
et  al.  for  a  MIEC  cathode  based  on  an  empirical  equivalent  circuit 
model.  Esquirol  et  al.  [9]  discussed  oxygen  transport  in  a  composite 
MIEC  cathode  with  respect  to  oxygen  bulk  conduction  and  surface 
diffusion. 

In  the  present  study,  the  oxygen  reduction  reaction  on  a  porous- 
structured  cathode  manufactured  from  Smo.sSro.sCoC^^  and  on 
a  related  composite  cathode,  Sm05Sr05CoO3_8ISm02^0.8O\.91  is 
investigated  in  terms  of  micro-structure,  impedance  spectra,  and 
the  oxygen  partial  pressure  (p(02))  dependence  at  various  temper¬ 
atures.  Three  elementary  RDSs  are  mainly  involved  in  the  cathodic 
reaction:  (i)  oxygen  ion  transfer  at  the  interface  of  the  cathode  and 
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Fig.  1.  Changes  in  cathode  microstructure  to  the  addition  of  Smo^Ceo.sOi.g.  (a)  Smo.5Sr0.5Co03_5  and  (b)  Srno.sSro.sCoOs^/Srno^Ceo.sOi.g. 


the  electrolyte,  (ii)  oxygen  ion  conduction  in  the  bulk  cathode  and 
(iii)  gas  phase  diffusion  of  oxygen.  The  relationship  between  the 
cathode  reaction  process  and  the  reaction  order  is  evaluated  to 
determine  the  RDS. 


2.  Experimental  methods 

2.1  Preparation 

Sm0.5Sr0.5CoO3_5  was  synthesized  using  the  glycine  nitrate 
process  (GNP).  Sm(N03)36H20,  Sr(N03)2,  Co(N03)26H20  and 
glycine  were  prepared  in  weighed  mole  ratios.  The  prepared 
nitrate  and  glycine  were  dissolved  in  de-ionized  water,  and 
the  solution  was  heated  to  300  °C.  The  cathode  powder  was 
calcined  for  1  h  at  1250  °C  to  remove  residual  carbon  and 
to  crystallize  the  structure.  Sm0.2Ce0.8Oi.9  was  prepared  using 
a  commercial  powder  (Praxair)  as  an  electrolyte  material.  A 
Sm0.5Sro.5Co03_5/Sm0.2Ceo.80i.9  composite  cathode  was  prepared 
via  the  ethanol-based  ball  mill  method.  Sm0.5Sr0.5CoO3_5  and 
Sm0.2Ce0.8Oi.9  were  mixed  at  a  weight  ratio  of  6:4.  Sm0.5Sr0.5CoO3_5 
and  Sm0.5Sr0.5Co03_5/Sm0.2Ceo.80i.9  were  screen-printed  on  to 
Sm0.2Ce0.8Oi.9  electrolyte  pellets  with  a  thickness  of  1  mm  and  a 
diameter  of  23  mm.  The  thickness  of  the  cathode  layer,  measured 
by  means  of  a  scanning  electron  microscope  (SEM),  was  20-50  p,m. 
A  Sm0.2Ce0.8Oi.9  electrolyte  pellet  was  created  through  a  process 
of  uni-axial  pressing  under  a  weight  of  50kgfcm-2.  The  prepared 
half-cells  were  then  sintered  for  1  h  at  1200  °C. 


Fig.  2.  Impedance  spectra  variation  according  to  amount  of  Smo.2Ceo.8O1g  addition. 
^Composition  (6:4):  Smo.sSro.sCoOs.a/Sn^Ceo.sOi.g  (6:4). 


2.2.  Measurement 

An  four-probe  method  was  used  to  measure  the  electrochemical 
a.c.  impedance.  Measurements  were  conducted  in  the  temperature 
range  of  450-900  °C  and  in  pre-mixed  02-N2  gas.  The  oxygen  par¬ 
tial  pressure  p(02)  ranged  from  0.0002  to  1  atm.  The  measurement 
was  performed  with  a  Solartron  1287/Solartron  1260  (electrochem¬ 
ical  interface/impedance,  gain-phase  analyzer)  device  and  the  Z 
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View  commercial  program.  The  frequency  range  was  5  x  106  to 
1  x  10-2  Hz  and  the  applied  voltage  amplitude  was  20  mV. 


3.  Results  and  discussion 

3.1  Micro-structure  and  impedance  spectra  variation 

In  previous  research,  the  addition  of  Smo^Ceo.sOi.g  to 
Sm0.5Sro.5Co03_5  was  found  to  have  a  large  effect  on  the 
coefficient  of  thermal  expansion,  thermal  cycling  stability  and 
enhancement  of  electrochemical  performance  [23].  The  signif¬ 
icant  difference  of  the  microstructure  of  Sm0.5Sr0.5CoO3_5  and 


Sm0.5Sr0.5Co03_5/Sm0.2Ceo.80i.9  is  demonstrated  in  Fig.  1.  It  is  cer¬ 
tain  that  the  addition  of  Smo^Ceo.sOi.g  plays  an  important  role 
in  the  enhanced  of  sinterability  of  particles  and  adhesion  to  the 
electrolyte.  The  influence  of  Smo^Ceo.sOi.g  addition  on  the  micro¬ 
structure  can  be  verified  from  impedance  spectra.  An  investigation 
by  impedance  spectroscopy  gives  valuable  insight  into  the  reaction 
mechanism  [4-6,12-15,21,22,24,25].  As  shown  in  Fig.  2,  the  addi¬ 
tion  of  Sm0.2Ce0.8Oi.g  clearly  affects  the  impedance  in  the  100-1  Hz 
frequency  range.  The  impedance  spectra  do  not  significantly  change 
for  frequencies  above  100  Hz  and  below  1  Hz.  It  is  known  that  the 
addition  of  Sm0.2Ce0.8Oi.g  enhances  the  ionic  conduction  of  the 
bulk  media  in  the  cathode.  Thus,  the  reaction  processes  for  the 
frequency  ranges  of  100-1  Hz  and  below  1  Hz  are  related  to  ionic 


Z’  [Qcm2]  Z’  [Qcm2] 


Fig.  5.  Impedance  spectra  of  single  phase  Smo.5Sro.5Co03_5  cathode  with  variation  in  oxygen  partial  pressure  p( O2)  and  operating  temperature. 
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conduction  and  gas  phase  diffusion,  respectively.  Figs.  3  and  4  show 
the  impedance  spectra  variation  for  thermal  cycling  and  long-term 
performance  of  Sm0.5Sr0.5CoO3_5,  respectively.  The  effects  of  cracks 
in  the  cathode  particles  and  delamination  between  the  electrolyte 
and  cathode  can  be  verified  from  the  thermal  cycling  test.  In  the 
present  research,  thermal  cycle  degradation  may  also  be  affected 
by  degradation  due  to  long-term  operation.  The  long-term  per¬ 
formance  test  shows  that  the  resistance  in  the  frequency  range 
greater  than  1  Hz  does  not  change  but  that  the  resistance  in  the  fre¬ 
quency  range  less  than  1  Hz  increases  significantly.  The  effect  of  the 
long-term  degradation  is  clearly  represented  in  the  frequency  range 
under  1  Hz.  Thus,  performance  degradation  via  the  pure  thermal 
cycling  effect  of  Smo.5Sr0.5Co03_5  is  prevalent  in  the  approximate 


frequency  range  of  100-1  Hz,  as  shown  in  Fig.  3.  As  a  result,  the 
addition  of  Smo^Ceo.sOi.g  influences  the  connection  of  cathode  par¬ 
ticles  and  their  adhesion  to  electrolyte,  and  plays  an  important  role 
in  the  cathode  reaction  of  MIEC.  These  effects  are  clearly  shown  in 
the  medium  frequency  range  of  100-1  Hz. 

3.2.  Impedance  spectra  for  p(02 )  and  temperature 

The  variation  in  Sm0.5Sr0.5CoO3_5  impedance  spectra  with 
respect  to  p(02)  and  temperature  is  presented  in  Fig.  5.  Fig.  5(a) 
and  (b)  shows  the  grain  boundary  resistance  of  the  electrolyte 
that  occurs  at  frequencies  greater  than  103  Hz.  This  grain  bound¬ 
ary  resistance  disappears  as  the  temperature  increased.  Three 
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Fig.  6.  Impedance  spectra  of  Smo.sSro.sCoOs^/Smo^Ceo.sOi.g  (6:4)  composite  cathode  with  variation  in  oxygen  partial  pressure  p(02)  and  operating  temperature. 
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Fig.  7.  Equivalent  circuit  model  with  constant  phase  elements  (CPEs).  *Re:  elec¬ 
trolyte  resistance;  Rc,hf-  electrode  resistance  at  high  frequency;  Rc,mf-  electrode 
resistance  at  medium  frequency;  Kc,lf:  electrode  resistance  at  low  frequency. 


Table  1 

Activation  energy  (Ea)  of  Sm0.5Sro.5Co03_5  with  respect  to  oxygen  partial  pressure 
and  frequency  range. 


P(02)  (atm) 

Ea  (eV) 

High  freq. 

Medium  freq. 

Low  freq. 

Overall  freq. 

0.0002 

1.35 

0.80 

0.02 

0.06 

0.002 

1.35 

0.72 

0.08 

0.20 

0.02 

1.21 

0.88 

0.10 

0.64 

0.2 

1.21 

0.96 

0.20 

0.82 

1 

1.21 

1.01 

0.36 

0.93 

semicircles  are  evident  from  the  impedance  results.  The  resis¬ 
tance  in  the  high-frequency  region  (103-102Hz)  is  independent 
of  p(02)  in  the  range  of  0.0002-1  atm.  The  resistance  in  the  low- 
frequency  region  (below  1  Hz)  clearly  changes  as  the  value  ofp(02) 
increases.  By  contrast,  a  change  in  the  resistance  related  to  the 
medium-frequency  region  (100-1  Hz)  is  not  apparent.  The  distri¬ 
bution  and  boundary  of  the  characteristic  frequency  are  apparent 
for  the  p(02)  value  and  temperature  ranges.  The  range  of  the 
low-frequency  appeares  to  be  less  than  1  Hz  at  700  °C  at  a  pres¬ 
sure  of  0.02  atm,  but,  it  is  considered  to  be  less  than  10  Hz  at 
900  °C  at  0.2  atm.  This  difference  is  acceptable  when  analyzing  the 
impedance  spectra.  The  impedance  spectra  provide  key  informa¬ 
tion  for  the  establishment  of  an  equivalent  model  and  in  the  analysis 
of  the  oxygen  reduction  reaction.  Fig.  6  shows  the  impedance  spec¬ 
tra  of  the  Smo.5Sro.5Co03_s/Smo.2Ceo.80i.9  (6:4)  composite  cathode 
as  it  changes  with  respect  to  p(02)  and  operating  temperature. 
The  overall  distribution  of  the  impedance  spectra  and  charac¬ 
teristic  frequency  are  very  similar  to  those  of  the  single-phase 
Sm0.5Sr0.5CoO3_5  cathode.  The  electrode  resistance  of  the  compos¬ 
ite  cathode,  however,  lower  than  that  of  pure  Sm0.5Sr0.5CoO3_5. 
In  particular,  attempts  to  improve  the  electrode  resistance  of 
Sm0.5Sr0.5Co03_5/Smo.2Ceo.80i.9  (6:4)  are  highly  effective  at  a  rel¬ 
atively  low  temperature  range  of  400-600  °C. 

3.3.  Model  for  cathode  reactions 

A  three-semicircle  model  with  constant  phase  elements  (CPEs) 
for  the  impedance  is  utilized  to  analyze  the  oxygen  reduction 
reaction  on  the  single-phase  Sm0.5Sr0.5CoO3_5  and  composite 
Sm0.5Sro.5Co03_5/Sm0.2Ceo.80i.9  (6:4)  cathodes.  The  resistance  val¬ 
ues  of  the  electrolyte  and  electrode  are  represented  as  Re  and  Rc, 
respectively.  The  resistance  values  of  the  electrode  are  broken  down 
into  the  elements  Rc,hf*  ^c,mf  and  ftCiLF,  which  represent  the  resis¬ 
tance  in  the  high,  medium,  and  low  frequency  regions,  respectively. 
Fig.  7  shows  the  equivalent  circuit,  and  the  individual  semicircles 
defined  in  the  complex  plane  are  shown  in  Fig.  8.  Generally,  cathode 
reactions  related  to  the  oxygen  reduction  mechanism  include  the 
following: 


Fig.  8.  Electrolyte  and  electrode  resistances  defined  in  the  complex  plane.  *Re : 
electrolyte  resistance;  Rc,hf-  electrode  resistance  at  high  frequency;  RCiLF:  electrode 
resistance  at  medium  frequency;  RCjLf'-  electrode  resistance  at  low  frequency. 


Table  2 

Activation  energy  (Ea)  of  Smo.sSro.sCoOa^/SmojCeo.sOi.g  with  respect  to  oxygen 
partial  pressure  and  frequency  range. 


P(02)  (atm) 

Ea  (eV) 

High  freq. 

Medium  freq. 

Low  freq. 

Overall  freq. 

0.0002 

0.99 

0.55 

0.02 

0.04 

0.002 

0.96 

0.60 

0.03 

0.08 

0.02 

0.94 

0.49 

0.04 

0.30 

0.2 

0.98 

0.53 

0.22 

0.54 

1 

1.00 

0.59 

0.21 

0.59 

(i)  gas  phase  diffusion  of  the  oxygen  molecule, 

(ii)  adsorption  of  a  gas  phase  oxygen  molecule  to  the  cathode 
surface, 

(iii)  dissociation  of  an  adsorbed  oxygen  molecule  to  the  oxygen 
atom, 

(iv)  ionization  of  the  adsorbed  oxygen  molecule, 

(v)  Surface  diffusion  of  the  adsorbed  oxygen, 

(vi)  Ionic  conduction  of  the  adsorbed  oxygen  ion  in  the  bulk  elec¬ 
trode, 

(vii)  Ionic  transfer  at  the  interface  between  the  electrode  and  the 
electrolyte. 

The  cathode  reaction  on  the  MIEC  occurs  not  only  at  the  triple 
phase  boundary  (TPB),  but  also  at  the  two-phase  boundary,  as 
at  the  cathode  surface.  Thus,  the  reactions  in  steps  (i)  and  (ii) 
occur  throughout  the  cathode  surface  and  the  bulk  cathode.  More¬ 
over,  they  are  linked  to  each  other.  In  current  research,  it  has 
been  found  that  steps  (i),  (vi)  and  (vii)  are  involved  as  RDSs  in 
the  overall  oxygen  reduction  reaction  of  the  cathode.  These  reac¬ 
tion  steps  have  different  time  constants;  hence,  each  reaction  is 
characterized  in  a  different  frequency  range  of  impedance  spec¬ 
troscopy.  Additionally,  the  reaction  steps  are  linked  in  a  complex 
manner,  due  to  the  properties  of  the  MIEC.  The  proposed  model  is 
based  on  the  following  assumptions:  (1)  the  reactions  are  locally 
reversible,  (2)  chemical  reactions  are  based  on  Langmuir- type 


Table  3 

Elementary  steps  and  corresponding  reaction  orders  (n)  related  to 
cathode  reaction. 


Elementary  steps 

Reaction  order  (n) 

Set  1 

02(gas)^02,ad 

1 

02,ad  — ^  20ad 

1 

Oad  +  C  — >Oad 

3/8 

Oad“  +e_^Oad2“ 

1/8 

Oad2  +  v0**— >o0x 

0 

Set  2 

02  (gas)  +  2e-^20ad- 

2/3 

Oad  ^  Oad2 

1/8 

Oad2-+V0"^00x 

0 

Set  3 

02(gas)^0  2,ad 

1 

02,ad  20ad 

1 

Oad  +  2e-+V0-^00x 

1/4 
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Fig.  9.  Variation  in  electrode  resistance  of  Smo.5Sr0.5Co03_5  as  a  function  of  oxygen  partial  pressure  and  frequency  range. 


kinetics,  and  (3)  electrochemical  reactions  obey  the  Butler-Volmer 
equation. 

3.4.  Area  specific  resistance  and  Ea  with  frequency 

The  electrode  resistance  values,  for  each  impedance  frequency 
range,  of  Smo.5Sr0.5Co03_5  and  Sm0,5Sr0,5CoO3_8ISm02Ce02O^9 
(6:4),  as  a  function  of  temperature  and  p{ 02)  are  shown  in 
Figs.  9  and  10,  respectively.  The  electrode  resistance  is  represented 
as  the  area  specific  resistance  (ASR),  and  is  calculated  as  follows: 

ASR  (£2 cm2)  =  RcxA 


r  _  ^cathode 

c  -  2( symmetry) 

^cathode  an^  A  denote  the  resistance  of  the  cathode  minus 
the  ohmic  loss  and  the  effective  area  of  the  electrode,  respec¬ 
tively.  Rc  represents  the  electrode  resistance  taking  into  account 
the  symmetry  effect  of  the  cathode.  RCathode  is  calculated  from 
the  distance  between  the  high-frequency  and  low-frequency 
intercepts  of  the  semicircle  at  the  real  axis  (Z'-axis).  Single¬ 
phase  Sm0.5Sr0.5CoO3_5  and  its  composite  show  similar  behaviour 
throughout  the  overall  temperature  and  p( O2)  ranges.  It  is  possi¬ 
ble  that  considerable  improvement  in  the  cathode  performance 
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Fig.  10.  Variations  in  electrode  resistance  of  Smo.sSro.sCoOs.^/Smo^Ceo.sOi.g  (6:4)  as  a  function  of  oxygen  partial  pressure  and  frequency  range. 


occurs  because  Sm0.5Sr0.5CoO3_(5  is  an  excellent  ionic  and  electronic 
conductor  and  because  the  reduction  reaction  takes  place  at  the 
two-phase  boundary  of  the  cathode  surface  as  well  as  at  the  TPB. 
Thus,  the  oxygen  reduction  mechanism  is  also  similar  in  each  case. 

The  activation  energy  (Ea )  is  shown  in  Tables  1  and  2  as  a  function 
of  frequency  and  p(02)  value.  The  activation  energy  of  the  resis¬ 
tance  at  low  frequency  shows  low  values  from  0.02  to  0.36  eV  in 
the  p(02)  range  of  0.0002-1  atm  for  Sm0.5Sr0.5CoO3_(5.  The  elec¬ 
trode  resistance  at  low  frequency  is  independent  of  temperature 
at  a  constant  p(02),  with  the  exception  of  a  deviation  at  the  high- 
temperature  range  with  a  relatively  high  p(02)  range  (0.2-1  atm). 
Thus,  the  electrode  resistance  at  low  frequency  corresponds  to  the 


behaviour  of  the  gas  phase  diffusion  of  oxygen  molecules.  The  high 
Ea  value  for  Pc  H f  is  independent  of  temperature.  This  indicates  that 
the  impedance  response  at  high  frequency  is  governed  by  charge 
transfer,  such  as  oxygen  ion  transfer,  at  the  interface  between  the 
electrode  and  the  electrolyte.  These  results  are  also  supported  by 
the  ALS  (Adler-Lane-Steele)  model  as  well  as  by  several  other 
research  results  [5,14,16].  The  activation  energy  at  high  and  medium 
frequencies  for  the  composite  cathode  decreases  compared  with 
the  pure  Smo.5Sr0.5Co03_5  cathode  due  to  enhancement  of  reaction 
activity  for  each  frequency  range.  This  results  in  the  enhancement 
of  both  interface  adhesion  to  the  electrolyte  and  particle  connec¬ 
tion,  and  improvement  in  ionic  conduction.  It  is  certain  that  RCt mf 
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Fig.  11.  Plots  of  ASR  1  vs.  p( O2)  at  various  temperatures  for  Smo.sSro.sCoOs^:  (a)  medium  frequency  (Rc,mf)  and  (b)  low  frequency  (Rc,lf). 


largely  affects  the  overall  reaction  within  a  defined  temperature 
and  p( O2)  range. 

Electrode  resistance  is  governed  by  RcLF  at  all  temperature 
ranges  for  low  p(02)  values  of  0.0002  and  0.002  atm.  The  elec¬ 
trode  resistance  is  governed  by  Rc,mf  at  a  low  temperature  range 
of 400-600  °C  at  0.02-1  atm.  However,  Rc  is  largely  affected  by  Rc,lf 
at  an  intermediate  temperature  range  of  700-800  °C.  These  results 
are  reasonable  because  the  oxygen  diffusivity  of  MIEC  is  sufficiently 
high  (typically  Dk  >  10-7  to  10-8  cm2  s-1  above  800  °C  for  0.7-1  atm) 
at  high  temperatures  and  highp(02)  values  [10,16]. 

3.5.  p(02)  dependence  of  cathode  reaction 

The  reaction  paths  of  the  MIEC  cathode  material  have  highly 
complex  links,  and  the  reaction  takes  place  throughout  the  surface 
of  the  two-phase  boundary  and  TPB,  due  to  its  high  ionic  conduc¬ 
tivity  as  compared  with  a  conventional  cathode  such  as  LSM.  Thus, 
the  establishment  of  the  exact  reaction  formula  is  difficult.  How¬ 
ever,  the  main  RDSs  of  the  MIEC  can  be  determined  through  an 
expansion  of  the  basic  reaction  steps.  Reactions  with  different  time 
constants  influence  each  other  to  the  point  that  a  fluctuation  in  the 
reaction  order  occurs.  The  overall  cathode  reaction  is  considered  as 
follows: 

02(gas)  +  4e-+2V0-^200x 

where  V0##  and  00x  denote  an  oxygen  vacancy  and  an  oxygen 
ion  in  the  lattice  sites,  respectively.  This  overall  reaction  can  be 
divided  into  several  elementary  steps.  Table  3  shows  the  relation¬ 
ship  between  the  elementary  steps  and  the  reaction  order. 

The  RCi  hf  values  for  Sm0.5Sr0.5CoO3_5  and 

Smo.5Sro.5Co03_5/Smo.2Ceo.80i.9  (6:4)  are  constant,  as  shown 
in  Figs.  9  and  10.  The  Rc,mf  and  RCiLf  for  Sm0.5Sr0.5CoO3_5  and 


Sm0.5Sro.5Co03_5/Sm0.2Ceo.80i.9  (6:4)  show  similar  behaviour; 
but,  it  appears  that  effects  other  than  gas  phase  diffusion  are 
involved  in  the  cathode  reaction  in  the  low-frequency  region  of 
Sm0.5Sr0.5CoO3_5.  Figs.  11  and  12  present  electrode  resistance 
and  p(02)  values  for  the  medium-  and  low-frequency  regions.  A 
constant  slope  of  1/4  in  the  medium-frequency  region  for  both 
Smo.5Sro.5Co03_5  and  Smo.sSro.sCoO^/Smo^Ceo.sOi.g  (6:4)  is 
evident,  and  this  indicates  that  a  similar  reaction  mechanism  is 
involved  throughout  the  temperature  range.  The  behaviour  of  RcLF 
in  Smo.5Sr0.5Co03_5  at  low  temperatures  is  somewhat  different 
compared  with  that  at  high  temperatures.  This  implies  that  some 
factors  have  an  effect  on  the  reaction  mechanism  at  low  temper¬ 
atures.  Figs.  11(a)  and  12(a)  and  Table  4  show  a  1/4  power  p( 02) 
dependence  in  the  medium-frequency  range  for  Sm0.5Sr0.5CoO3_5 
and  Sm0.5Sr0.5Co03_5/Sm0.2Ceo.80i.9  (6:4);  This  feature  indicates 
that  the  ionic  conduction  of  oxygen  in  the  bulk  cathode  is  the  RDS. 
The  relationship  between  Rc  and  p(02)  is  given  by 

7T  «p(02)n 
Kc 

The  most  viable  improvement  in  electrode  resistance  occurs 
with  addition  of  the  Sm0.2Ceo.80i.g  electrolyte  material  and  con¬ 
tributes  to  RC)mf,  as  shown  in  Table  5.  The  enhancement  in  Rc  Hf  and 
Rc,lf  is  insignificant.  Electrode  resistance  at  medium  frequency  is 
also  greatly  improved  at  relatively  low  temperatures  below  600  °C. 
This  shows  that  oxygen  diffusion  at  the  bulk  cathode  is  a  limiting 
factor  in  Sm0.5Sr0.5CoO3_(5  operation  at  medium-frequency  as  the 
temperature  decreases.  These  results  are  very  consistent  with  the 
results  of  Esquirol  et  al.  [9].  In  particular,  the  MIEC  composite  cath¬ 
ode  does  not  improve  the  surface  kinetics,  as  in  the  surface  exchange 
coefficient  (/<).  The  surface  oxygen  exchange  rate  is  determined  by 
an  isotopic  oxygen  exchange,  as  measured  by  secondary  ion  mass 
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Fig.  12.  Plots  of  ASR  1  vs.  p( O2)  at  various  temperatures  for  Smo.sSro.sCoC^^/Smo^Ceo.gOi.g  (6:4):  (a)  medium  frequency  (Rc,mf)  and  (b)  low  frequency  (Rc,lf). 
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Table  4 

Reaction  orders  for  Smo.sSro^CoO^/Smo^Ceo.sOi.g  and  Smo.sSro^CoO^/Smo^Ceo.sOi.g  at  various  frequency  ranges  and  temperatures. 


Temperature  (°C) 

Reaction  order  (n) 

Smo.5Sro.5Co03_5 

Smo.5  Sro.5  Co03_^/Smo.2  Ceo.s  O1.9 

1  '?• 

Go 

MF 

LF 

MF 

LF 

400 

- 

0.44 

- 

- 

450 

- 

0.36 

- 

0.82 

500 

0.20 

0.70 

0.29 

0.86 

550 

0.26 

0.71 

0.21 

0.90 

600 

0.20 

0.68 

0.20 

0.86 

650 

0.23 

0.72 

0.20 

0.85 

700 

0.24 

0.69 

0.25 

0.95 

750 

0.23 

0.69 

0.25 

0.94 

800 

0.24 

0.81 

0.21 

0.93 

900 

0.27 

1.11 

0.25 

1.00 

MF:  medium  frequency;  LF:  low  frequency. 


Table  5 


Electrode  resistances  (£2 cm2] 

1  for  Sm0.5Sr0.5CoO3. 

s  and  Smo.5Sro.5 

Co03_5  /Sm0.2  Ceo.s  Ok 

9  (6:4). 

Temperature  (°C) 

Smo.5  Sr0.5CoO3_,5 

Smo.5  Sro.5  Co03_5/Smo.2  Ceo.s  O1.9 

(6:4) 

Kc,HF 

fic,MF 

Kc.LF 

Rc 

Rc,hf 

Rc.MF 

Rc,LF 

Rc 

450 

1.500 

13.10 

0.700 

15.30 

0.561 

2.669 

0.517 

3.747 

500 

1.000 

3.836 

0.620 

5.456 

0.337 

0.962 

0.537 

1.836 

550 

0.300 

1.811 

0.590 

2.701 

0.128 

0.577 

0.500 

1.205 

600 

0.100 

0.671 

0.560 

1.331 

0.095 

0.355 

0.450 

0.900 

650 

0.038 

0.344 

0.600 

0.982 

0.041 

0.306 

0.450 

0.797 

700 

0.012 

0.237 

0.550 

0.799 

0.017 

0.189 

0.475 

0.682 

750 

0.008 

0.186 

0.564 

0.758 

0.010 

0.164 

0.410 

0.583 

800 

0.004 

0.127 

0.450 

0.581 

0.005 

0.157 

0.418 

0.580 

900 

0.001 

0.099 

0.400 

0.500 

0.001 

0.120 

0.419 

0.540 

Rc:  overall  electrode  resistance,  Rc,hf:  electrode  resistance  at  high  frequency,  Rc,mf:  electrode  resistance  at  medium  frequency,  Rc>lf :  electrode  resistance  at  low  frequency. 
p(  02)  =  0.02  atm. 


spectrometry  (SIMS)  analysis.  In  the  case  of  the  LSC  cathode,  the  sur¬ 
face  can  supply  sufficient  active  sites  for  oxygen  reduction,  due  to 
its  high  ionic  and  electronic  conductivity,  so  that  the  surface  reac¬ 
tion  rates  are  very  fast  compared  with  other  processes  (typically, 
k:  10~5  cms-1  at  800  °C,  1  atm)  [10,16].  A  reaction  order  of  1/2  for 
Rc  and  p( O2)  generally  represents  the  surface  diffusion  involved  in 
atomic  oxygen  [3,11-13].  In  the  present  study,  however,  a  reaction 
order  of  1  \2  is  not  shown  by  any  of  the  results.  These  results  and 
data  clearly  indicate  that  the  ionic  conduction  of  oxygen  in  the  bulk 
cathode  is  related  to  Kc,mf- 

The  reaction  order  (n)  for  Sm0.5Sr0.5CoO3_5  at  low  frequency 
shows  a  fluctuation  in  the  range  of  0.4-1.1  as  the  tempera¬ 
ture  increases.  In  particular,  the  reaction  step  related  to  Rc,lf 
changes  according  to  the  temperature  range,  as  the  reaction  order 
approaches  0.4  at  400-500  °C  and  1  at  temperatures  above  800  °C. 
At  approximately  n  =  0.4,  an  oxygen  surface  reduction  reaction 
related  to  the  electron  along  with  the  gas  phase  diffusion  of  oxygen 
is  partially  involved  in  the  RDS,  based  on  an  analysis  of  the  reaction 
order.  The  reaction  order  of  the  oxygen  reduction  reaction  related  to 
atomic  oxygen  and  the  electron  is  generally  represented  as  3/8, 2/3 
and  1  / 8,  as  shown  in  Table  3.  The  reduction  reaction  step  of  atomic 
oxygen  participates  in  the  RDS  at  low  frequency,  along  with  the 
oxygen  gas  diffusion  limitation.  For  single-phase  Sm0.5Sr0.5CoO3_5, 
gas  phase  limitation  is  dominant  at  high  temperatures  due  to  the 
enhanced  oxygen  surface  kinetics  and  bulk  conduction,  since  the 
reaction  order  approaches  1  as  the  temperature  increases.  For  the 
Smo.5Sr0.5Co03_5/Sm0.2Ceo.80i.9  (6:4)  composite  cathode,  the  reac¬ 
tion  order  at  low  frequency  throughout  the  temperature  range 
approaches  1,  unlike  that  of  Sm0.5Sr0.5CoO3_5.  Table  5  provides  fur¬ 
ther  evidence  of  the  variation  in  reaction  order  by  using  a  composite 
at  low  frequency.  A  small  enhancement  of  Rc,lf  over  the  entire  tem¬ 
perature  range  is  shown  by  utilizing  the  composite.  This  indicates 
that  the  oxygen  reduction  processes,  such  as  charge  transfer  or  ionic 


conduction,  are  improved  compared  with  the  Sm0.5Sr0.5CoO3_5 
cathode.  Electrode  resistances  at  high-  and  medium-frequency  are 
enhanced  by  the  addition  of  Smo^Ceo.sOi.g  at  temperatures  below 
650  °C.  This  results  in  an  improvement  of  oxygen  ion  conduction 
at  the  bulk  cathode  by  the  addition  of  electrolyte  material  at  low 
temperatures. 

The  resistances  of  the  oxygen  reduction  reaction  related  to  the 
electron/atomic  oxygen  and  the  ionic  conduction  of  oxygen  are  par¬ 
tially  involved  in  the  oxygen  gas  phase  diffusion  limitation  at  low 
frequency,  due  to  the  complexity  of  the  reaction  mechanism  in  the 
case  of  the  single-phase  MIEC  Sm0.5Sr0.5CoO3_5,  although  the  time 
constant  of  each  reaction  is  different.  As  a  result,  the  Rc,lf  values 
of  Sm0.5Sr0.5CoO3_5,  the  single-phase  MIEC,  are  dominated  by  the 
partially  mixed  reaction  of  the  charge-transfer  process  and  the  non¬ 
charge  transfer  process  from  an  intermediate  state.  The  Rc  Lf  values 
of  Smo.5Sr0.5Co03_5/Sm0.2Ceo.80i.9  (6:4),  the  composite  cathode, 
are  dominated  by  the  non-charge  transfer  process  and  diminish 
the  effect  of  the  charge-transfer  process. 


4.  Conclusions 

In  the  present  study,  the  cathodic  behaviour  of  porous- 
structured  single-phase  Sm0.5Sr0.5CoO3_5  and  composite 
Smo.5Sr0.5Co03_5/Sm0.2Ceo.80i.9  cathodes  are  studied  in  terms 
of  p(02),  the  impedance  response,  Ea  and  the  reaction  order  at 
various  temperatures.  Similar  cathode  reaction  behavior  is  shown 
in  both  Smo.5  Sro.5  CoO^  and  Smo.sSro.sCoO^/Smo^Ceo.sOi.g.  It 
is  concluded  that  three  elementary  steps  are  primarily  involved 
in  the  cathodic  reaction  as  RDSs.  The  electrode  resistance  at  high 
frequency  represents  the  oxygen  ion  transfer  at  the  interface 
of  the  cathode  and  the  electrolyte.  The  electrode  resistance  at 
medium  frequency  represents  the  oxygen  ion  conduction  in  the 
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bulk  cathode.  This  is  explained  from  an  enhancement  of  RCt Mf 
for  Smo.5Sro.5Co03_5/Smo.2Ceo.80i.9  in  a  low  temperature  range 
as  compared  with  Sm0.5Sr0.5CoO3_5,  the  impedance  spectra  and 
the  reaction  order.  The  electrode  resistance  at  low-frequency 
for  single-phase  Sm0.5Sr0.5CoO3_(5  indicates  the  partially  linked 
reaction  steps  of  a  charge  transfer  process  and  a  non-charge 
transfer  process.  The  electrode  resistance  at  low  frequency  for  a 
Sm0.5Sr0.5CoO3_5/Sm0.2Ce0.8Oi.9  composite  cathode  is  explained 
by  a  non-charge  transfer  related  to  the  gas  phase  diffusion  of 
oxygen.  These  observations  are  also  verified  by  the  difference  in 
micro-structure  and  the  impedance  variation  due  to  the  addition 
of  Sm0.2Ce0.8Oi.9,  and  thermal  cycling  and  long-term  tests.  It  is 
expected  that  the  research  results  will  be  useful  when  attempting 
to  understand  the  cathodic  behaviour  of  a  MIEC  and  that  they  can 
assist  with  the  design  of  a  high-performance  cathode  for  a  SOFC. 
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